Active sampling mass spectrometry has been used for process sensing in gate oxide growth by rapid thermal chemical vapor deposition from SiH 4 and N 2 O. Equipment and process behavior throughout the short process cycle were revealed in the detailed time-dependent changes of downstream mass spectroscopic signals. A H 2 reaction product was clearly identified during SiO 2 deposition for SiH 4 /N 2 O ratios of 0.5%-2.0% at 5 Torr total pressure and in the temperature range 750-850°C. No H 2 O product was observed, suggesting that the process is dominated by a two-step reaction involving SiH 4 pyrolysis and subsequent N 2 O oxidation of the deposited Si to form SiO 2 . The evolution of the H 2 product signal during a process was then used as a process indicator. The integrated H 2 signal was found linearly proportional to the deposited oxide thickness, providing the basis for real-time, noninvasive thickness metrology applications. This work demonstrates that properly configured real-time mass spectrometry is capable of providing not only time-dependent chemical information about system behavior, but also quantitative metrology for the film deposition process.
I. INTRODUCTION
With the rapid advances in semiconductor fabrication technology, there are increasing demands for new sensing techniques to achieve more reliable and informative monitoring of the equipment and process status. Mass spectrometry provides chemical information about the process environment and can be used for real-time, in situ diagnostics of the process effluent in semiconductor equipment. An optimal sampling system should reveal the true process gas composition under process conditions, provide a rapid response to process changes, and allow quantification of various chemical species present in the process environment. Previous work in this and other research groups has successfully applied mass spectrometry to investigate system dynamics and thickness metrology in both deposition and etch systems. [1] [2] [3] [4] [5] [6] [7] In this article, we will describe the application of a two-stage differentially pumped mass spectrometer for the deposition of ultrathin gate oxide ͑Ͻ100 Å͒ from SiH 4 and N 2 O by rapid thermal chemical vapor deposition ͑RTCVD͒.
II. EXPERIMENT
Details of the RTCVD system and the mass spectrometer sampling system have been described elsewhere.
1, 8 Briefly, the RTCVD chamber was part of an integrated cluster tool with two other modules for advanced wafer processing. 8 A load lock and central wafer handler allowed for automated transfer of 4 or 6 in. wafers. All experiments presented in this article were performed on 4 in. wafers. The wafer was supported on three quartz crystal rods ͑ϳ1 mm outer diameter͒ by point contact and rotated during deposition for improved temperature uniformity across the wafer. Radiative heating of the wafer was achieved through a quartz window by an array of halogen lamps parallel to the wafer surface and located directly above the wafer outside the vacuum chamber. The chamber was water cooled to prevent deposition on the walls. A mixture of N 2 O and SiH 4 was used for the deposition of thin SiO 2 film, with an excess of N 2 O gas present in order to assure a stoichiometric, fully oxidized SiO 2 film. An optimal process window had been previously identified at a total pressure of 5 Torr, total flow rate of 360 sccm, 750-850°C, and SiH 4 /N 2 O ratio of 0.5%-2%. 9, 10 The SiH 4 source was 10% diluted in Ar.
The gate oxide film was deposited in the following operating sequence: ͑1͒ a wafer was loaded into the process module, and rotation was initiated; ͑2͒ a 5 Torr total process pressure was established and maintained by flowing SiH 4 /Ar and N 2 O at the appropriate flow rates to achieve the correct SiH 4 /N 2 O ratio and total flow rate; ͑3͒ the wafer temperature was rapidly raised to the preset value and maintained for the preset time period ͑based on deposition rate and total film thickness required͒; ͑4͒ at the end of the process the heating lamps and gas flows were turned off, the process chamber was evacuated, and a N 2 purge was turned on at 100 sccm for 10 s; and ͑5͒ the wafer was then unloaded.
The oxide deposition process was monitored with a quadrupole mass spectrometer ͑QMS͒ sampling system configured to the RTCVD module as shown in Fig. 1 . A 1 mm capillary at the front of a sampling tube was placed downstream from the wafer, at the radial center of the fore line for the RTCVD module. A two-stage differential pumping system behind the sampling tube first reduced the pressure from The experiments were performed in two stages. First, a survey spectrum was taken over mass range 0-200 amu to identify the cracking pattern of all reactant molecules when each process gas was introduced to the process module without any wafer heating ͑to prevent reaction͒. A survey spectrum was also taken during the deposition process ͑i.e., with heating͒ to determine the reaction products. From these results, the overall process chemistry of the deposition reaction was determined. Then relevant species were selected for monitoring in trend mode ͑i.e., as a function of time͒ through the deposition process cycle. In trend mode the mass spectrometer sampled at a much faster data rate than in the survey mode due to the reduced number of masses to be scanned. Thus, the time-dependent QMS signals for the reactants and products through the process cycle provided a direct observation of the process sequence.
The SiO 2 film thickness was measured on a Rudolph AutoEl Ellipsometer. The SiO 2 uniformity from center out to a 3 cm radius was about Ϯ10%-15%, and worse nearer the wafer edge ͑about Ϯ20%-25% center to 4 cm radius͒. In order to obtain a first order correction for nonuniformity, an average thickness was obtained in the following way. For each wafer, the thickness was measured at nine locations equally spaced along the diameter, and an analytical expression was generated which gave a best fit to this spatial distribution of thickness. The total volume of the SiO 2 film was calculated by integrating the best-fit function over the wafer surface, assuming that the film consisted of a series of coaxial rings. The average film thickness was then determined by dividing the total volume by the wafer surface area. This uniformity calibration was essential for metrology applications since all the SiO 2 must be accounted for in order to make a valid correlation between the gas phase products and the solid phase film.
III. RESULTS

A. Time-dependent chemical sensing through the process cycle
The rapid thermal chemical vapor deposition ͑RTCVD͒ of ultrathin gate oxide was carried out as a bicomponent reaction between N 2 O and SiH 4 . Silane was diluted in Ar carrier gas at a 10 SiH 4 /Ar ratio. As will be demonstrated, the net chemical reaction was identified as products in the process chamber can be monitored by QMS throughout the entire process cycle. Figure 2 shows the QMS signals for N 2 ϩ ͑an ionization fragment for N 2 O͒, SiH 3 ϩ ͑an ionization fragment for SiH 4 ), and H 2 ϩ ͑for H 2 ) during a 60 s deposition process at 800°C, 2% SiH 4 /N 2 O ratio, and 5.0 Torr process pressure. The N 2 ϩ fragment was selected to represent the N 2 O reactant because the signal intensity of the primary ion N 2 O ϩ was too high to be plotted on the same scale. The signal contribution to the N 2 ϩ fragment arising from the reaction product N 2 was insignificant because of the large oversupply of N 2 O required for material quality. The SiH 3 ϩ ͑amu 31͒ fragment was selected to represent SiH 4 because the primary fragment, SiH 2 ϩ , overlaps with NO ϩ ͑a fragment of the N 2 O ionization process͒ at amu 30.
The three curves for reactants N 2 O ͑N 2 ϩ ) and SiH 4 ͑SiH 3 ϩ ), and for product H 2 ͑H 2 ϩ ) in Fig. 2 clearly illustrate the partial pressure changes which occur through a deposition cycle. At time tϭ3 s, the wafer was loaded into the process chamber from the central wafer transfer module. A slight increase in the N 2 ϩ signal was observed because a small amount of N 2 diffused into the process chamber from the transfer module during wafer loading. At tϭ15 s, N 2 O and SiH 4 were introduced to the process chamber, leading to increases in both N 2 ϩ and SiH 3 ϩ signals. Since H 2 was produced during SiH 4 ionization in the mass spectrometer, there was also a slight increase in the H 2 ϩ signal. At tϭ42 s, the process pressure of 5 Torr was reached, at which a regulatory pressure control system in the process module is engaged; this caused the brief pressure overshoot seen at tϭ45 s, following which the pressure stabilized at 5.0 Torr over the next 5 s.
The heating lamp was turned on at tϭ50s, and the wafer reached 800°C process temperature at tϭ60 s, then remaining at process temperature for the preset process time of 60 s. During this process, surface reaction leading to Si deposition on the wafer took place, with consumption of some of the SiH 4 and N 2 O reactants and generated of H 2 gaseous product. The H 2 ϩ product signal rose over about 20 s to its steady state level, then remained relatively stable afterward until termination of the process.
At the end of the process, near tϭ120 s, the heating lamps and the SiH 4 and N 2 O gas flows were turned off, leading to a rapid drop in wafer temperature, evacuation of gases from the reactor, and abrupt termination of the deposition reactor and associated H 2 product generation, leading to rapid drops in H 2 ϩ and SiH 3 ϩ signals. The N 2 ϩ signal ͑in-dicative of N 2 O͒ decreased first, similar to that for SiH 3 ϩ . Soon afterward, the N 2 ϩ signal increased rapidly, then decreased to 30% of the original steady state level; this behavior was associated with an intentional N 2 purge which was turned on at the end of each process cycle to flush out residual process gases. Thus the N 2 ϩ signal level at tϭ140 s corresponded to the N 2 pressure inside the process chamber during purge. These time-dependent observations demonstrate that the QMS sampling system reveals a variety of process cycle details of the system.
B. Rapid identification of process chemistry
The deposition of SiO 2 in this process certainly involves oxidation of SiH 4 by N 2 O. While N 2 O was reduced to N 2 gas, the hydrogen generated as a product from the SiH 4 reactant could be released into the gas phase as either H 2 or H 2 O, such as
To distinguish between these two pathways and to identify the primary gaseous by-products of the deposition reaction, a static deposition experiment was performed to increase the concentration of the by-products for better detection of minor reaction products. Here, instead of maintaining a steady state pressure in the process chamber, a static 5 Torr process pressure was established using a 2% SiH 4 /N 2 O gas mixture. The process chamber was first isolated ͑all mass flow controllers and gate valves were turned off͒, and the wafer temperature was then raised to 800°C for 60 s. The H 2 and H 2 O partial pressures were monitored using the mass spectrometer during this entire process cycle. Figure 3 shows the QMS signals for H 2 and H 2 O as a function of time during the static SiO 2 deposition. The H 2 signal displayed a shape similar to that in the regular process ͑Fig. 2͒. While this signal at amu 2 would also be produced as a fragment of H 2 O ionization, H 2 O would also produce substantial signal at amu 18. The measured H 2 O signal, magnified by a factor of 10ϫ in Fig. 3 , shows no H 2 O signal above the noise level. These data demonstrate that the H 2 formation channel is strongly favored ͑by something like 100ϫ͒ over the H 2 O formation channel for the SiO 2 deposition process.
Accordingly, the process chemistry can be considered a two-step surface reaction, involving Si deposition from SiH 4 surface decomposition, followed by N 2 O oxidation of the deposited Si species. The oversupply of N 2 O is needed to assure complete oxidation of the deposited Si before it is covered by more Si. This means that N 2 O depletion by the reaction is difficult to measure. Furthermore, the deposition is rate limited by SiH 4 consumption/depletion, so that either H 2 product generation from SiH 4 pyrolysis or the associated SiH 4 depletion provide metrics for progress of the reaction.
C. Process metrology for oxide film thickness
The above conclusions indicate that two H 2 molecules are released to the gas phase for each SiO 2 molecular unit deposited as oxide on the wafer. Thus, the partial pressure of H 2 product in the process chamber, sensed by the QMS signal, should be directly related to the rate of reaction which generated gaseous H 2 into the process chamber and SiO 2 onto the wafer surface. Figure 4 shows the H 2 QMS signals versus time for three deposition processes using 1.0% SiH 4 /N 2 O at 5.0 Torr, 360 sccm total flow, and 800°C, with varying deposition time of 45, 60, and 75 s. The SiH 4 and N 2 O gas flows were started at tϭ10 s, and the process pressure was reached at tϭ45 s. The H 2 intensity observed during this period was due to SiH 4 fragmentation during QMS ionization. There was no surface reaction yet at this point. The heating lamps were turned on, and the wafer reached the preset reaction temperature of 800°C at tϭ55 s. The surface reaction for SiO 2 deposition began and H 2 was produced, leading to significant rise of the H 2 signal. The wafer temperature was then maintained at 800°C for the preset deposition time of 45, 60, and 75 s, respectively. The three lines are nearly superimposed on each other over the first 100 s of the process, illustrating the stability and repeatability of the response to process parameters by both the RTCVD module and QMS sampling system. For all three processes, the H 2 signal returned to baseline within 3 s of the end of deposition, again demonstrating the fast response time of the mass spectrometer sampling system. Based on the process chemistry determined above, two H 2 molecules should be generated for each SiO 2 deposited. If the mass spectrometer sampling system had a linear response to the H 2 generation rate, the QMS signal for H 2 should then be proportional to the SiO 2 deposition rate. This correlation should be true as long as the reaction chemistry was preserved regardless of the process conditions ͑time, temperature, pressure, etc.͒.
The integrated H 2 ϩ signal is plotted against the film thickness in Fig. 5 for 22 deposition runs which produced films ranging from 30 to 155 Å. The processing conditions were randomly selected within the process window for producing high quality, stoichiometric SiO 2 film. The 22 deposition process conditions included process temperatures ranging from 750 to 850°C, process times from 20 to 120 s, and   FIG. 3 . Comparison of the QMS signals for H 2 and H 2 O during a deposition cycle under static gas flow conditions. The process chamber was first filled with 5 Torr of 2% SiH 4 /N 2 O mixture, and the chamber was then isolated. The wafer temperature was rapidly raised to 800°C for 60 s to induce surface deposition. The H 2 O signal was multiplied by a factor of 10 to illustrate that the H 2 O signal was below the noise level.
FIG. 4.
Comparison of the H 2 evolution curves for three process times during the deposition of SiO 2 at 5 Torr and 800°C using a 1% SiH 4 /N 2 O gas mixture.
FIG. 5. Correlation of the integrated H 2 signal from the QMS and the average film thickness on the wafer for various deposition conditions within the process window for high quality SiO 2 gate oxide films. The deposition conditions ͑a total of 22͒ were selected based on a design of experiments within the temperature range of 750-850°C and the compositional range of 0.5%-2% SiH 4 /N 2 O ratio. The total pressure and total gas flow rate were kept constant during these experiments.
SiH 4 /N 2 O ratios from 0.5% to 2.0%. The total process pressure was kept at 5.0 Torr for all processes, and the total gas flow was kept constant at 360 sccm. Figure 5 demonstrates an obvious linear correlation between the integrated H 2 product signal from the QMS and the average thickness of the deposited SiO 2 film. The integrated H 2 product signal has been derived by subtracting the H 2 background associated with H 2 ϩ fragments from the ionization of the SiH 4 reactant through calibration of the H 2 ϩ background before wafer heating ͑e.g., times tϭ30-50 s in Fig. 2͒ . As described earlier, the average film thickness has been corrected for across-wafer thickness nonuniformity in these experiments, although manufacturing application would demand a high degree of uniformity and thereby obviate the need for such a correction. The linear correlation between the thickness and the integrated H 2 signal provides the basis for real-time in situ thickness metrology in CVD gate oxide deposition processes.
IV. DISCUSSION
A. Gas sampling system design
Integration of a sampling system onto a process module is key to the successful development of a capable sensor. A properly configured mass spectrometer as described in this article can sample the gas composition in the process chamber in real time, producing chemically specific signals representing true process events in the process chamber. The location of the capillary tube for gas sampling dictates whether a true representation of the reactive species ͑both reactants and reaction products͒ in the process chamber is collected for measurement. In this study, the sampling aperture was placed downstream from the wafer, at the radial center of the fore line for the process module. The sample composition collected at this location represented the gases exiting the process chamber, and therefore included changes induced by consumption of reactants and generation of gaseous products.
Rapid response of the sampling system is particularly important for monitoring processes with short process cycles, such as RTCVD. We believe that the use of a two-stage gas sampling system was crucial for achieving a short response time compared to the process cycle time. The challenge is the large pressure gradient required between the process ͑5 Torr͒ and the mass spectrometer ͑10 Ϫ6 Torr͒. While a very small sampling aperture can be used in conjunction with a single stage of pumping to maintain this gradient, this would produce only very small gas flows through the aperture. With the process chamber in viscous flow conditions, changes in concentration caused by reaction at the wafer could diffuse only slowly to the aperture, thereby slowing response time.
The two-stage differential pumping in the gas sampling system permitted a considerably larger sampling aperture between the reactor and the first pumping stage, so that of order 1% of the total gas flow went through the sampling aperture ͑cf. the process pump͒, assuring reasonable gas flow velocities and fluxes to the sampling system. The first pump then needed to reduce pressure only to Ͻ100 mTorr, i.e., in the molecular flow regime. Once in this regime, sampling could be done with negligible time delay through a metering valve to the second pump, which achieved the pressure reduction ͑to the 10 Ϫ6 Torr range͒ required by the mass spectrometer.
The response time for the entire sampling system has been determined to be on the order of 2-3 s.
1 With a gas sampling system optimized for rapid time response, one can understand much about the time dependencies seen in the process sensing data, e.g., in Fig. 2 . Real changes in signals on 2-3 s time scales are seen in the data: in the N 2 ϩ data near tϭ42 s in Fig. 2 ͑where the pressure control system caused an overshoot͒; in the N 2 ϩ oscillation near tϭ120 s ͑where the N 2 purge cycle began͒; and in the decay of N 2 ϩ and H 2 ϩ signals near tϭ125 s ͑where gas flow was terminated and pumping rate enhanced by fully opening the throttle valve͒. In contrast, the rise time of the N 2 ϩ signal upon initiation of gas inlet ͑near tϭ20 s͒ was longer as a result of the relatively low inlet flow rate and significant reactor volume. The rise time of the H 2 ϩ product signal was also slow, dependent on the generation rate of product during heating and on the volume of the reactor. Using mass balance principles for the process module, we have built a mathematical model and corresponding dynamic simulator which accurately represents the time dependence of the QMS signal. [11] [12] [13] This simulator provides the basis for detailed understanding of system dynamics. For example, the rise time of the H 2 ϩ product signal reflects system time constants arising from the time it takes for the product generation rate to establish a steady state concentration in the reactor. However, this time constant will depend on equipment specifications, such as reactor volume and pumping speed, thereby influencing the total H 2 ϩ product signal integrated over the process cycle. As a result, even if the mass spec sensor were itself completely linear with concentration at the sensor, 14 the integrated product signal will not be strictly a linear measure of deposition thickness; rather, for a given equipment configuration, corrections dependent on process recipe can be obtained either empirically or preferably from using physically based dynamic simulation models.
Sensitivity, dynamic range, and linearity are also important metrics for real-time process chemical sensors. A typical mass spectrometer can measure partial pressures from 10 Ϫ5 to 10 Ϫ12 Torr. A differentially pumped sampling system can be used to translate this dynamic range to higher pressure regimes ͑mTorr to Torr͒ as needed for CVD or etch processes. This large dynamic range assures more than adequate sensitivity to distinguish changes in process conditions, as well as to detect contaminants which may threaten process quality. Reasonable linearity of the QMS signal for process reactants and products is also very helpful for thickness metrology. Such linearity depends both on system dynamics ͑described above͒ and on sensor linearity with concentration.
14 As illustrated in Fig. 5 , the two-stage gas sampling system achieves a relatively linear response.
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B. Process chemistry in CVD oxide growth
Chemical sensing using mass spectrometry has here been effective in delineating the operative process chemistry. Previous studies of SiO 2 formation from SiH 4 and N 2 O using atmospheric pressure CVD ͑APCVD͒ have reported that both H 2 and H 2 O are plausible reaction products at temperatures from 495 to 690°C. 16, 17 Under the low pressure RTCVD conditions employed here, the formation of H 2 is the dominant ͑by Ͼ100ϫ͒ if not exclusive reaction channel for the deposition of SiO 2 , a result confirmed under both static and regular process conditions. The lower pressures employed in the RTCVD process are expected to enhance surface processes ͑e.g., as compared to gas phase reactions found more commonly at APCVD conditions͒. The higher surface temperatures in RTCVD should accelerate pyrolysis of individual reactant species which impinge on the wafer surface, thus favoring multi-step processes in which surface decomposition of individual molecules precedes the synthesis of their products to form newly deposited material.
Identifying the operative chemistry is also an important aide to achieving effective process metrology. In the present case, the excess of N 2 O reactant required for material quality rendered the monitoring of N 2 O signals ineffective in assessing depletion. In contrast, with SiH 4 pyrolysis as the ratelimiting step, reaction progress could be monitored by the H 2 reaction product ͑as shown here͒ or in principle by SiH 4 depletion as well. The absence of a comparable or dominant reaction channel leading to H 2 O product further simplified reaction monitoring and thickness metrology.
C. Implementation of mass spectrometry for RTCVD thickness metrology
Results here demonstrate that the integrated H 2 signal from the mass spectrometry sampling system can be linearly correlated to the film thickness on the wafer, providing an in situ, real-time sensing approach for thickness metrology. For a given process, a calibration experiment like that in Fig. 5 provides a model for relating the QMS signal to the thickness. The QMS signal for the H 2 product is readily integrated over time using a simple spreadsheet analysis of the data. Depending on the characteristics of the sensor interface and sensor control software, the prediction of thickness could then be exploited for run-to-run ͑wafer-to-wafer͒ or real-time process control purposes. The use of mass spectrometry for chemically based process thickness metrology assures that process chemical insights will be gained as well.
The time-dependent QMS signals ͑e.g., Fig. 2͒ illustrate areas where caution must be taken in using mass spectrometric sampling for thickness metrology. In this example, the deposition rate is quite low ͑ϳ100 Å /min at 800°C for the 0.5% SiH 4 /N 2 O process͒, and therefore the QMS signal for H 2 product during deposition is not significantly above the background H 2 level produced from SiH 4 ionization in the QMS. This contribution must be calibrated for each SiH 4 concentration and subtracted from the total H 2 signal in order to achieve accurate quantification of the actual deposition process. In addition, the dynamics of the process cycle could impact the relationship between QMS signal and deposition thickness, since the system dynamics do not permit instantaneous response of the QMS signals to equipment actuation. Finally, as indicated here and previously, 2 the accuracy of QMS-based CVD thickness metrology is not yet sufficient for manufacturing process control.
One can anticipate a broad variety of process applications for mass spectrometry sensing and metrology in semiconductor manufacturing, including plasma etching, plasma deposition, wafer cleaning, photoresist ashing, etc. At the same time, some processes will bring further technical challenge, such as processes involving gas phase nucleation steps ͓e.g., tetraethylorthosilicate ͑TEOS͒ processes͔ or wall deposition ͑e.g., plasma processes͒. While most mass spectrometry investigations of semiconductor chemical processes have addressed single-wafer, cold-wall reactor configurations, sampling from particular or individual wafer stations in a multistation CVD reactor may be more difficult. 15 Mass spectrometry does not provide information on uniformity, another key parameter for manufacturing, either for acrosswafer or within-batch characteristics.
V. CONCLUSIONS
We have demonstrated the application of a two-stage differentially pumped mass spectrometer for process monitoring in rapid thermal chemical vapor deposition ͑RTCVD͒ of thin gate oxide from SiH 4 and N 2 O. Detailed time-dependent changes in mass spectroscopic signals provide an accurate representation of the equipment and process variations throughout the short process cycle. A H 2 reaction product was clearly identified during SiO 2 deposition for SiH 4 concentration of 0.5%-2.0% at 5 Torr total pressure and 750-850°C. The absence of observable H 2 O product suggests that the process is dominated by separate steps of SiH 4 pyrolysis and subsequent N 2 O oxidation of the deposited Si to form SiO 2 . The integrated H 2 product signal was found linearly proportional to the deposited oxide thickness, providing the basis for real-time, noninvasive thickness metrology applications. These studies show that a properly configured mass spectrometer sampling system is capable of providing chemical and time-dependent information on system behavior. Thickness metrology and control applications require reasonable knowledge of the chemical process, which can be gained from mass spectrometry studies.
